There is experimental and clinical evidence that some exanthematous allergic drug hypersensitivity reactions are mediated by drug-specific T cells. We hypothesized that the capacity of certain drugs to directly stimulate the innate immune system may contribute to generate drug-specific T cells. Here we analyzed whether abacavir, an HIV-1 reverse transcriptase inhibitor often inducing severe delayed-type drug hypersensitivity, can trigger innate immune activation that may contribute to its allergic potential. We show that abacavir fails to generate direct innate immune activation in human monocytes but potently triggers IL-1␤ release upon pro-inflammatory priming with phorbol ester or Toll-like receptor stimulation. IL-1␤ processing and secretion were sensitive to Caspase-1 inhibition, NLRP3 knockdown, and K ؉ efflux inhibition and were not observed with other non-allergenic nucleoside reverse transcriptase inhibitors, identifying abacavir as a specific inflammasome activator. It further correlated with dose-dependent mitochondrial reactive oxygen species production and cytotoxicity, indicating that inflammasome activation resulted from mitochondrial damage. However, both NLRP3 depletion and inhibition of K ؉ efflux mitigated abacavir-induced mitochondrial reactive oxygen species production and cytotoxicity, suggesting that these processes were secondary to NLRP3 activation. Instead, depletion of cardiolipin synthase 1 abolished abacavir-induced IL-1␤ secretion, suggesting that mitochondrial cardiolipin release may trigger abacavir-induced inflammasome activation. Our data identify abacavir as a novel inflammasome-stimulating drug allergen. They implicate a potential contribution of innate immune activation to medication-induced delayed-type hypersensitivity, which may stimulate new concepts for treatment and prevention of drug allergies.
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Immune-mediated, allergic drug hypersensitivity represents a significant proportion of all adverse drug reactions (1) . The clinical spectrum of delayed-type hypersensitivity ranges from uncomplicated maculopapular exanthemas to systemic reactions with profound liver involvement (drug reaction with eosinophilia and systemic symptoms (DRESS)) and severe bullous skin eruptions such as Stevens-Johnson syndrome and toxic epidermal necrolysis (1, 2) .
Although there is evidence that some of these delayed-type exanthematous drug reactions are induced by drug-specific T cells, two questions still remain unanswered. First, how are small drug molecules processed to become antigens capable of triggering T cell receptors? Second, which pathways provide the additional "danger signals" during such a drug-T cell interaction that are necessary for efficient T cell activation?
A prime example is the abacavir hypersensitivity syndrome (ABC-HS) 2 induced by the nucleoside analog reverse transcriptase inhibitor (NRTI) abacavir (ABC) (2) . ABC is used in HIV-1 virus/AIDS combination therapy and elicits a severe cytotoxic CD8 ϩ T cell-mediated allergic response that develops in about 5-8% of patients within 6 weeks after first treatment (3) . Typical symptoms include fever, malaise, nausea, and diarrhea as well as mild to moderate exanthema as a late feature in ϳ70% of affected patients (4) . The development of ABC-HS is closely associated with positivity for a specific HLA class I allele, HLA-B*57:01 (5, 6), which has been accounted for by direct binding of ABC to the HLA-B*57:01-binding groove that alters the repertoire of presented self-peptides (7, 8) . This "altered self" presentation is thought to trigger activation of ABC-cross-reactive CD8 ϩ T memory cells originally directed against prevalent or persistent viral antigens, which might cause an immune response resembling organ graft rejection (9) . Indeed, Lucas et al. (9) recently reported isolation of ABC-reactive memory T cells from ABC-naive patients. However, in 74% of all cases, ABC-HS occurs more than 5 days after treatment initiation (9) , which suggests that de novo generation of drug-reactive T cells is also likely to play a role (1, 2) .
According to the "danger model," the mounting of an adaptive immune response critically requires the presence of a "danger signal" that indicates a potential hazard for the organism in addition to proper sensing of foreignness (10) . Thus, principally de novo production of drug-specific T cells should ensue only if foreign peptide presentation by antigen-presenting cells is simultaneously accompanied by innate immune activation. The capacity to stimulate the innate immune system either may be an intrinsic property of the drug or its metabolites, for instance by direct activation of an innate immune receptor, or could be due to drug-induced release of endogenous damageassociated molecular patterns (DAMPs), for example from necrotic cells that secondarily trigger innate immune activation. Alternatively, an external cue such as a simultaneous infection may replace, prime, or amplify the drug-induced innate immune signal so that the necessary threshold for sensitization is exceeded (11) .
Candidate mechanisms of drug-induced innate immune activation include stimulation of innate immune receptors of the Toll-like receptor (TLR) family and activation of the "inflammasome" sensory system, which have both been shown to be relevant for innate immune activation and disease development in allergic contact dermatitis, another T-cell-mediated hypersensitivity disorder (12, 13) . The inflammasome is a multicomponent protease complex commonly composed of a NOD-like receptor protein (NLRP; usually NLRP3), the adaptor protein ASC, and the pro-inflammatory protease Caspase-1, which is required for processing and secretion of mature IL-1␤ from its inactive pro-form (14, 15) . Unlike TLR activation, which triggers immediate release of critical cytokines such as TNF and IL-8 by transcriptional activation via the pro-inflammatory IKK2/NFB signaling pathway (16), inflammasome activation is a two-step process that requires adequate priming, usually by TLR activation (signal I), which induces transcription of pro-IL-1␤ and expression of inflammasome components such as NLRP3 by transcriptional and post-translational mechanisms in addition to NLR activation by a distinct stimulus (signal II) (15) . Thus, inflammasome activation can be considered as conditional innate immune activation as it critically depends on a preceding or coincident priming stimulus such as a bacterial or viral infection, without which the allergen fails to reach a sufficient level of innate immune activation for generation of allergen-specific T cells.
Although the factors governing inflammasome priming are well characterized, the actual triggers for inflammasome activation are controversial. For NLRP3, two major routes of activation have been proposed: 1) lysosomal damage associated with cytoplasmic cathepsin B release (17) , and 2) mitochondrial damage associated with increased production of mitochondrial reactive oxygen species (mROS) as well as release of mitochondrial DNA and the mitochondria-localized lipid cardiolipin, which have all been implicated in NLRP3 inflammasome activation (18 -21) . Moreover, K ϩ efflux and necrosis induction emerged as mechanisms contributing to NLRP3 activation (22) (23) (24) , but it is currently unclear whether these two events are causal or secondary to organelle damage and represent genuinely independent mechanisms promoting inflammasome activation.
Results
Recent evidence for a crucial role of innate immune activation in allergic contact dermatitis prompted us to ask whether drugs eliciting T cell-mediated delayed-type hypersensitivity such as ABC might also directly or conditionally induce an innate immune response. To this end, we stimulated human THP1 cells, which express a wide variety of innate immune receptors and represent an established model for inflammasome activation (25) with increasing ABC concentrations. Unlike the TLR4 agonist LPS, ABC failed to induce production of IL-8 (Fig. 1A) , a strictly IKK2/NFB-restricted cytokine (26) , nor did it induce secretion of pro-IL-1␤ in the absence of additional stimuli (Fig. 1B) . However, when THP1 cells were prestimulated with the phorbol ester TPA, an established priming stimulus for inflammasome activation in THP1 cells that induces both pro-IL-1␤ expression (25, 27) and their maturation into macrophage-like cells (28) , ABC dose-dependently triggered IL-1␤ release (Fig. 1B) . IL-1␤ secretion by ABC was statistically significant at concentrations Ն0.5 mg/ml, at which it reached levels comparable with stimulation with ATP, an established danger signal triggering NLRP3 inflammasome activation (29) (Fig. 1B) . Similar results were obtained using the TLR4 agonist LPS or the TLR1/2 ligand Pam3CSK4 as alternative priming stimuli, although ABC was slightly less potent at triggering IL-1␤ release than ATP in this setting and overall levels of secreted IL-1␤ were about 10-fold lower than with TPA ( Fig. 1B and data not shown) . Importantly, ABC also increased IL-1␤ secretion from LPS-primed primary human blood monocytes (Fig. 1C) , suggesting that ABC-mediated IL-1␤ release was not restricted to the THP1 cell line.
Considering that HIV-1 infection has recently been reported to trigger TLR8 activation and TLR8-dependent pro-IL-1␤ expression in human macrophages and monocytes (30, 31) , we wondered whether TLR8 stimulation might also be able to prime for ABC-induced IL-1␤ secretion. Indeed, pre-stimulation of THP1 cells with two different TLR8 agonists, CL075 or VTX-2337, could also license for ABC-mediated IL-1␤ release from THP-1 cells, and resulted in processing of pro-IL-1␤ to partially cleaved IL-1␤ p28 and its biologically active p17 product (Fig. 1D ). These data suggest that virus-mediated TLR8 activation might serve as a priming signal for ABC-induced inflammasome activation.
To analyze whether ABC-induced IL-1␤ secretion was due to inflammasome activation, we employed Z-YVAD-fmk, a Caspase-1 inhibitor that binds to cleaved Caspase-1, thereby inhibiting further proteolytic cleavage of IL-1␤ (32). Co-treatment of TPA-primed THP1 cells with Z-YVAD-fmk abrogated ABC-induced IL-1␤ release and its cleavage to IL-1␤ p28 and p17 ( Fig. 2A) .
Because various NLR proteins as well as the PYHIN (pyrin and HIN domain-containing protein) family members absent in melanoma 2 (AIM2) and IFN␥-inducible protein 16 (IFI16) can serve as relevant receptors for inflammasome activation (15), we next asked which inflammasome receptor may mediate the response to ABC. We first tested the requirement of NLRP3, the main inflammasome-activating NLR mediating IL-1␤ release upon contact allergen stimulation (13, 33) . Comparison of IL-1␤ cleavage and release from TPA-primed wildtype THP1 versus THP1 cells functionally deficient for NLRP3 due to stable NLRP3 shRNA expression (THP1-defNLRP3) (34) revealed an absolute requirement of NLRP3 for ABC-and ATP-induced IL-1␤ p17 release and Caspase-1 cleavage (Fig.  2B) . This was not due to defective priming or an off-target effect of the shRNA stably expressed in the THP1-defNLRP3 cell line as TPA pre-stimulation induced pro-IL-1␤ and IL-8 expression to comparable levels as in their wild-type counterparts (Fig. 2C ) and the small-molecule NLRP3 inhibitor MCC950 (35) similarly decreased IL-1␤ release and Caspase-1 cleavage in the parental THP1 cell line (Fig. 2D) . Thus, ABC-induced IL-1␤ cleavage and release critically require Caspase-1 and NLRP3 activation.
To explore whether ABC-induced inflammasome activation might be a class effect of NRTIs, we next tested the capacity of two non-allergenic NRTIs to induce inflammasome activation. Neither stavudine (d4T) nor zidovudine/azidothymidine (AZT) was able to trigger IL-1␤ cleavage and release or Caspase-1 activation at similar concentrations ( Fig. 2E) , excluding a class effect of NRTIs on inflammasome activation.
NLRP3 inflammasome activation is believed to result from either lysosomal or mitochondrial damage (36) . A hallmark of the former is its sensitivity to actin depolymerization as lysosomal incorporation commonly ensues by phagocytosis, which requires an intact actin cytoskeleton. Accordingly, treatment with the actin-depolymerizing drug cytochalasin D has previously been shown to inhibit inflammasome-dependent IL-1␤ release by lysosomal signal II activators such as silica or alum (17, 37). However, unlike alum, ABC-induced Caspase-1 cleavage and IL-1␤ p17 release were insensitive to cytochalasin D treatment (Fig. 3A) , suggesting that phagocytosis/lysosomal damage were unlikely to contribute to ABC-induced inflammasome activation. To analyze whether ABC-induced inflammasome activation thus may result from mitochondrial damage, we measured mROS accumulation, which commonly indicates mitochondrial damage. FACS-based quantification of the mitochondria-localized ROS sensor MitoSOX, which is converted from a colorless starting substance into a red fluorescent product upon mROS-dependent oxidation, revealed that ABC treatment resulted in dose-dependent mROS production in TPA-primed THP1, as evident by a gradual increase of both the percentage of MitoSOX positivity ( Fig. 3B ) and MitoSOX median fluorescence intensity, which reached statistical significance at a concentration of 0.5 mg/ml (data not shown). At this concentration, we also observed a substantial release of IL-1␤ p17 and Caspase-1 p10 in Western blots of culture supernatants ( Fig. 3C ) and a clear time-dependent increase of MitoSOX positivity by live cell fluorescence imaging (supplemental Movie 1). ABCinduced mROS production coincided with Caspase-1 activation, as evident by co-localization of the MitoSOX signal with cleaved Caspase-1 detected by co-staining with a fluorochrome-coupled Caspase-1 inhibitor (FAM-YVAD) (Fig. 3D ). These data suggest that ABC-induced inflammasome activation is associated with mitochondrial damage. Recently, necrosis induction has been proposed as a key mechanism for release of pro-IL-1␤ and its cleavage products by several NLRP3 inflammasome activators (22) . Consistently, we observed a gradual increase of cytotoxicity upon exposure of TPA-primed THP1 cells with increasing ABC doses (Fig. 4A) that was not observed with other NRTIs (Fig. 4B) . ABC-induced cytotoxicity closely correlated with its capacity to trigger IL-1␤ release and Caspase-1 cleavage (Fig. 3C ) and appeared to occur via necrosis, as evident by high-amplitude swelling and ballooning followed by membrane permeabilization first apparent about 6 -8 h after ABC exposure when mROS production was also evident (Fig. 4C , supplemental Movie 1). Moreover, it was accompanied by a time-and dose-dependent release of tubulin (Fig. 4, D and E) , a protein normally found in the cytoplasm. The kinetics of tubulin release closely correlated with the appearance of cleaved IL-1␤ in the culture supernatant (Fig.  4D) , suggesting that cytotoxicity/necrosis may contribute to ABC-induced IL-1␤ release. Of note, we did not observe a delayed kinetics of ABC-induced tubulin release and IL-1␤ cleavage in comparison with ATP (Fig. 4D) , suggesting that ABC-induced inflammasome activation is unlikely to involve cytotoxicity-induced DAMP release.
To examine whether ABC-induced cytotoxicity was a cause or a consequence of NLRP3 activation, we repeated our cytotoxicity assays and tubulin Western blots using THP1-defNLRP3 cells or the NLRP3 inhibitor MCC950. Both approaches strongly reduced ABC-induced tubulin release (Fig. 5, A and B) and blunted ABC-induced cytotoxicity ( Fig. 5C and data not shown). Thus, ABC-induced cytotoxicity obviously depends on NLRP3.
Another feature shared by many inflammasome activators is the induction of K ϩ efflux from the cytoplasm (24) . Elevation of extracellular K ϩ was previously shown to suppress IL-1␤ release by multiple stimuli (23, 24) and has recently been reported to inhibit inflammasome-associated necrosis (22) . Consistently, elevation of extracellular K ϩ levels dose-dependently reduced ABC-induced cytotoxicity (Fig. 6A ) and prevented ABC-induced Caspase-1 activation and secretion of mature IL-1␤ p17 and tubulin (Fig. 6B) . Moreover, elevation of extracellular KCl reduced ABC-induced mROS production (Fig. 6C) . Thus, decrease of intracellular K ϩ obviously not only participates in the induction of ABC-induced cytotoxicity and IL-1␤ release but also contributes to mROS production. mROS production has previously been proposed to be directly responsible for NLRP3 activation by mitochondriadamaging signal II stimuli (19) . However, a causal role of mROS in NLRP3 activation has recently been challenged by the observation that IL-1␤ release by some mROS-inducing signal II stimuli such as linezolid was not affected by pharmacological ROS inhibition (21) . Because we also failed to observe an inhibitory effect of ROS scavengers on ABC-induced IL-1␤ secretion (data not shown), we considered the possibility that ABC-induced mROS production might be a consequence of NLRP3 activation. Remarkably, both decreased NLRP3 expression and NLRP3 inhibition suppressed ABC-induced mROS production ( Fig. 7A and data not shown), which was also evident by statistical analysis of mean MitoSOX median fluorescence intensity from multiple independent experiments (Fig. 7B and data not  shown) . Thus, ABC-induced mROS production obviously occurs secondary to NLRP3 activation.
Because cytoplasmic release of the mitochondrial lipid cardiolipin has recently been demonstrated to contribute to inflammasome activation by mitochondria-damaging agents (21), we depleted a rate-limiting enzyme of cardiolipin synthesis, cardiolipin synthase 1 (CRLS1), by siRNA. CLRS1 knock- down significantly decreased ABC-induced IL-1␤ release from TPA-primed THP1 but had no effect on ATP-dependent IL-1␤ secretion that is mROS-dependent (18) (Fig. 7C, left) . It further did not impair TPA-induced IL-1␤ mRNA expression (Fig. 7C,  right) , suggesting that the decreased ABC-mediated-IL-1␤ release under conditions of reduced cardiolipin synthesis was not due to flawed inflammasome priming but relied on defective signal II activation. Together these data imply an important role of cardiolipin in ABC-induced NLRP3 activation.
Discussion
Here we provide the first evidence that ABC, a substance frequently inducing T cell-mediated delayed-type drug hypersensitivity, can potently trigger inflammasome activation in human monocytic cells. Importantly, inflammasome activation was specific for ABC because other non-allergenic NRTIs failed to promote inflammasome activation. This fits previous observations that the NRTIs employed, d4T and AZT, had inhibitory rather than stimulating effects on inflammasome activation (38) and provokes the speculation that the capacity of ABC to induce inflammasome activation may contribute to its allergenicity. In accordance, Weston and Uetrecht (39) previously reported a positive correlation of inflammasome activation and idiosyncratic drug responses comparing IL-1␤ release from TPA-primed THP1 upon stimulation with two pairs of similar chemically reactive drugs, telaprevir/boceprevir and dimethyl FEBRUARY 17, 2017 • VOLUME 292 • NUMBER 7
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fumarate/ethacrynic acid, of which only one compound per pair was capable of triggering skin reactivity. Although the reported levels of drug-induced IL-1␤ release in this study were comparably low and the authors failed to provide direct evidence for an involvement of the NLRP3 inflammasome therein, Weston's results support the suspicion that NLRP3 inflammasome activation may not be a unique feature of ABC but could be a more general trait of drug allergens. This underscores our hypothesis that NLRP3 inflammasome activation may contribute to the development of drug hypersensitivity syndromes such as ABC-HS. Unfortunately, the strict HLA specificity of ABC hypersensitivity precluded a functional testing of our findings in existing mouse models. Future humanized mouse models should address this important issue.
Of note, ABC stimulation failed to induce a direct innate immune signal in THP1 cells and was unable to prime inflammasome activation on its own. This raises the important question about the factor(s) that may provide an adequate priming signal for ABC-induced inflammasome activation in vivo. Considering that ABC is a drug used to control HIV-1 virus infection, it is possible that the virus itself may deliver the necessary priming signal. Intriguingly, HIV-1 infection has recently been shown to potently prime for inflammasome activation by different stimuli (40) and was able to induce pro-IL-1␤ in a TLR8-dependent fashion in macrophages and monocytes (30, 31) . Consistently, our results demonstrate that TLR8 stimulation is sufficient to prime for ABC-induced inflammasome activation. It is therefore tempting to speculate that, depending on the viral load, ABC exposition might be able to trigger sufficient innate immune activation to allow for de novo production of ABCreactive T cells. This challenges the currently prevailing notion that ABC allergy develops by reactivation of allo-specific memory T cells cross-reacting with the drug, as concluded from the successful isolation of ABC-responsive memory T cells from drug-naive patients (9) . However, even in such a scenario, inflammasome activation may still improve the success rate of memory T cell activation, which could account for the relatively high incidence of 55% ABC drug hypersensitivity (9) among HLA-B*57:01-positive individuals. It was beyond the scope of our study to clarify the issue of to which extent de novo generation of T cells or reactivation of cross-reactive allo-specific T cells contributes to ABC-induced drug hypersensitivity. However, in light of our data, we would argue that de novo production of ABC-specific T cells at least cannot categorially be ruled out, even more so because this reasonably could explain the typical late onset of ABC hypersensitivity. Mechanistically, ABC-induced inflammasome activation appears to follow that of other non-particulate NLRP3 activators, which trigger inflammasome activation via mitochondrial damage (14) . Given the striking correlation of ABC-induced cytotoxicity and IL-1␤ cleavage and release, it is likely that ABC-induced IL-1␤ secretion requires cellular injury. This notion is consistent with data from Cullen et al. (22) , who recently proposed a key role of necrosis in inflammasome-mediated IL-1␤ release by different NLRP3-activating stimuli. Similar to their study, ABC-induced NLRP3 inflammasome activation was invariably associated with co-release of unrelated cellular proteins, in our case tubulin, along with cleaved and uncleaved forms of IL-1␤, suggesting that IL-1␤ release was not specific but rather a result of passive cell lysis (22) . Using ABC as stimulus, we could further reproduce their data that elevation of KCl levels resulted in dose-dependent reduction of cytotoxicity and IL-1␤ release upon ABC stimulation, placing ABC-induced cytotoxicity downstream of KCl efflux from the cell. However, in one important aspect, our results contradict Cullen's study: NLRP3 inactivation clearly prevented both ABC-induced cytotoxicity and IL-1␤ release in our experiments, whereas Cullen et al. (22) did not observe any cytoprotective effect upon transient knockdown of NLRP3 or other inflammasome components. The reason for this discrepancy is not clear, but we exclude an off-target effect of our shRNA because treatment of wild-type THP1 with the small-compound NLRP3 inhibitor MCC950 provided identical results. In any case, our data argue against Cullen's model that necrosis occurs independently of NLRP3 activation. We would rather suggest that ABC-induced cytotoxicity is a consequence, not a cause, of NLRP3 activation. However, despite some discrepancies, our results still largely support Cullen's recent concept that the release of cleaved IL-1␤ products ultimately requires cellular injury (22) .
Unexpectedly, NLRP3 depletion significantly reduced ABCinduced mROS production, suggesting that mROS production is an epiphenomenon rather than causal for ABC-induced inflammasome activation. Nevertheless, our data do not contradict the prevailing hypothesis proposed by Tschopp and colleagues (19) that a common mitochondria-generated signal accounts for NLRP3 activation by structurally unrelated inflammasome activators. For instance, Iyler et al. (21) recently reported that the antibiotic linezolid similarly induced a strong mROS signal but mROS production was dispensable for linezolid-induced NLRP3 inflammasome activation. Instead, the authors demonstrated that the cytoplasmic release of mito- chondrial cardiolipin induced by mitochondrial damage was involved in linezolid-induced inflammasome activation. A similar mechanism may underlie ABC-induced inflammasome activation because siRNA-mediated depletion of CRLS1 strongly decreased ABC-induced IL-1␤ release. Of note, we failed to observe a similar reduction of ATP-induced IL-1␤ production, which is known to be sensitive to mROS inhibition (18) , indicating that mitochondrial cardiolipin release is unlikely to be a general mechanism of NLRP3 inflammasome activation by mitochondria-damaging signal II agents but may rather be a feature of distinct classes of stimuli.
In summary, our data identify ABC as a potent inflammasome-activating drug allergen, suggesting that, similar to allergic contact dermatitis, delayed-type drug allergy may critically depend on innate immune activation. Our results thus may serve as the basis for the design of novel concepts for prevention and treatment of potentially life-threatening drug allergies.
Experimental Procedures
Cell Culture and Reagents-Primary human monocytes were isolated from whole blood of healthy donors using the human Monocyte Isolation Kit II from Miltenyi and suspended and stimulated in X-Vivo 15 medium for the experiments (Lonza). Human THP1 monocytic leukemia cells and functionally NLRP3-deficient THP1-defNLRP3 cells (34) (InvivoGen) were cultured in RPMI 1640 GLUTAMAX (Gibco) supplemented with 10% FCS. For inflammasome experiments, THP1 were primed with 100 nM TPA for 3 h, and then 1 ϫ 10 6 cells were reseeded into 6-well dishes containing 2 ml of TPA-free medium for maturation. On the following day, cells were stimulated for 16 h in 2 ml of FCS-free RPMI 1640 GLUTAMAX containing the respective substances. Alternatively, 5 ϫ 10 5 primary monocytes or 1 ϫ 10 6 THP1 were primed with 100 ng/ml LPS (Escherichia coli 055:B5, Sigma-Aldrich) for 5 h (primary monocytes) or 6 h (THP1), or the TLR8 agonists CL075 (5 g/ml, InvivoGen) and VTX-2337 (10 M, motolimod; MedChem Express) for 16 h, and then stimulated for an additional 16 h in 1 ml (primary monocytes) or 2 ml (THP1) of the respective serum-and TLR agonist-free culture media, respectively. Medium supplemented with an equivalent amount of diluent served as stimulation control. ABC and the NRTIs (d4T and AZT), ATP, and MCC950 were obtained from Sigma-Aldrich and used at 0.5 mg/ml, 5 mM, or 5 M, unless otherwise indicated. Z-YVAD-fmk (Bachem), cytochalasin D (Tocris Biosciences), and alum (Thermo Fisher Scientific) were used at 10 M, 2 M, or 120 g/ml, respectively.
Cytokine Detection-Human IL-8 and IL-1␤ in culture supernatants were detected using BD OptEIA TM ELISA kits from BD Biosciences (IL-8: catalog number 555244, IL-1␤: catalog number 557933) following the manufacturer's instructions.
siRNA Transfection and Quantitative-Real Time (qRT) PCR-THP1 were transfected with scrambled siRNA (sense, 5Ј-UUCUCCGAACGUGUCACGUdTdT-3Ј; antisense, 5Ј-ACGUGACACGUUCGGAGAAdTdT-3Ј) or a pool of two commercial siRNAs against CRLS1 (catalog number SI04339881, sense, 5Ј-CCGAAUAUGUUGUCAAUGAdTdT-3Ј, antisense, 5Ј-UCA- UUGACAACAUAUUCGGdGdA-3Ј and catalog number SI04955664, sense, 5Ј-GGAUGGAUUUAUUGCUCGAdTdT-3Ј, antisense, 5Ј-UCGAGCAAUAAAUCCAUCCdAdA-3Ј, Qiagen) at a final concentration of 150 nM by electroporation using the 4D-Nucleofector device from Lonza following a protocol provided by the manufacturer. On the following day, electroporated cells were primed with TPA and stimulated as above but at a final density of 2 ϫ 10 5 cells/ml in 12-well dishes. 60-h post-transfection culture supernatants were collected for IL-1␤ ELISA, and cells were processed for RNA isolation and qRT-PCR-mediated quantification of IL-1␤ and CRLS1 mRNA as described (41) . IL-1␤ mRNA levels were determined using the primer probe method employing a commercial TaqMan probe for IL-1␤ (Hs01555410_m1, Applied Biosystems) and a specific probe for the housekeeping gene GAPDH (Hs99999905_m1, Applied Biosystems) as normalization control. CRLS1 mRNA knockdown efficiency was assessed by SYBR Green-based qRT-PCR employing specific primers for CRLS1 (forward, 5Ј-CCCAGTTCTGGGCTATTTG-3Ј and reverse, 5Ј-TCAA-GAGCACTTCCCAAAGC-3Ј) and the GAPDH normalization control (forward, 5Ј-CCACCCATGGCAAATTCC-3Ј and reverse, 5Ј-GATGGGATTTCCATTGATGACA-3Ј).
Immunoblotting Analysis of Secreted Proteins-For immunoblotting analysis of secreted proteins, approximately one-third of the volume of the culture supernatant (650 l) was precipitated by mixing with an equal volume of methanol and 0.25 volumes of chloroform and centrifuged for 10 min at 20,000 ϫ g. After removal of the upper phase, 500 l of methanol was added to the interphase, and total proteins were precipitated by centrifugation for 10 min at 20,000 ϫ g. Pellets were dried at 55°C, and samples were boiled at 95°C for 5 min in Laemmli buffer prior to loading onto a 12% SDS-PAGE gel for protein separation. Proteins were blotted onto nitrocellulose membranes for analysis of released ␣-tubulin or IL-1␤ cleavage products using mouse monoclonal antibodies against human ␣-tubulin (Sigma, clone B-5-1-2) or the C terminus of human IL-1␤ (R&D Systems, clone 8516), respectively. Cleaved human Caspase-1 protein was detected on polyvinylidene difluoride membranes using an affinity-purified rabbit polyclonal for the active Caspase-1 p10 fragment (Santa Cruz Biotechnology, C-19, Sc-515). Proteins were visualized by enhanced chemiluminescence using the appropriate horseradish-peroxidasecoupled secondary antibodies.
Cytotoxicity Assays-1 ϫ 10 4 TPA-primed THP1 cells were seeded onto 96-well plates, and after 24 h of maturation, they were exposed to the respective stimuli for 16 h. Relative percentile of cytotoxicity to a lysed control (set to 100%) was assessed by colorimetric quantification of the obligate intracellular enzyme lactate dehydrogenase (LDH) in the culture supernatant using a commercial LDH detection kit (Roche Applied Science, Cytotoxicity Detection Kit) according to the supplier's suggestions.
Mitochondrial ROS Detection and Microscopic Analysis of Caspase-1 Activation-For analysis of mROS production, 1 ϫ 10 6 TPA-primed cells were stimulated for 16 h in 6-well plates with the respective stimuli. Cells were scraped off, and after centrifugation at 400 ϫ g for 20 min, cells were incubated in 2.5 M MitoSOX (Molecular Probes) in PBS at 37°C. After two PBS washing steps, mROS-dependent conversion of MitoSOX to its red fluorescent product was assessed by flow cytometric quantification of PE-A median fluorescence intensity of the livegated population. Alternatively, MitoSOX positivity was determined by analyzing time-dependent increase of red fluorescence in live cells upon stimulation of in situ MitoSOXloaded cells with 0.5 mg/ml ABC by multi-position time-lapse fluorescence microscopy using a camera-and top-stage incubator-equipped Nikon Ti-E motorized inverse fluorescence microscope. For co-detection of mROS and cleaved Caspase-1, TPA-primed THP1 cells were alternatively first stimulated with ABC, and then after 4 h, in situ co-stained for 30 min with 2.5 M MitoSOX and a 1ϫ solution of FAM-coupled Z-YVADFmk (FAM-FLICA, Immunochemistry Technologies), a green fluorescent Caspase-1 inhibitor. Double-positive cells were then detected by combined differential interference contrast (DIC) and dual channel fluorescence microscopy as mentioned above, and image overlays were produced using Nikon NIS Elements AR 4.2 software.
Statistical Analysis-Statistical analysis was performed using the GraphPad Prism 6 biostatistical software. At least three independent experiments were averaged, and the Ϯ S.D. was calculated. One-sample t tests were performed to assess significant differences of single test groups to a normalized control. Multiple groups were compared by one way (one factor) or two way (two factor) analysis of variance (ANOVA) followed by Sidak's or Dunnett's multiplicity correction. Adjusted p values of Ͻ0.05 were considered significant.
